The Fraser River system consists of five white sturgeon (Acipenser transmontanus) management units, two of which are listed as endangered populations under Canada's Species at Risk Act. The delineation of these management units was based primarily on population genetic analysis with samples parsed by collection location. We used polysomic microsatellite markers to examine population structure in the Fraser River system with samples parsed by collection location and with a genetic clustering algorithm. Strong levels of genetic divergence were revealed above and below Hells Gate, a narrowing of the Fraser canyon further obstructed by a rockslide in 1913. Additional analyses revealed population substructure on the Fraser River above Hells Gate. The Middle Fraser River (SG-3) and Nechako River were found to be distinct populations, while the Upper Fraser River, although currently listed as an endangered population, represented a mixing area for white sturgeon originating from SG-3 and Nechako. Differences between these results and previous genetic investigations may be attributed to the detection of population mixing when genetic clustering is used to infer population structure.
Introduction
The white sturgeon (Acipenser transmontanus) is the largest freshwater fish in North America, with spawning populations in the Sacramento, Columbia, Snake, and Fraser River systems. White sturgeon are long-lived and late maturing, with reports of individuals Ͼ80 years of age and females reaching sexual maturity as late as at 18 -34 years in the Fraser River system (Scott and Crossman 1973; COSEWIC 2003) . Although white sturgeon in the Sacramento-San Joaquin, Lower Columbia, and Lower Fraser systems may access the ocean and are known to utilize marine habitat (Chadwick 1955; Galbreath 1985; Veinott et al. 1999) , white sturgeon do not require salt water to complete their life cycle, and several landlocked populations (e.g., Kootenai River) exist. In the late spring and early summer, Fraser River adult white sturgeon make upstream migrations to spawning grounds (COSEWIC 2003) . White sturgeon are iteroparous broadcast spawners, with males spawning every 2-5 years and females spawning every 3-8 years in the Fraser River (Semakula and Larkin 1968) .
Six populations of white sturgeon are recognized in Canada, and four of these are listed as endangered under the federal Species at Risk Act: the Upper Columbia, Kootenay, Nechako, and Upper Fraser river populations (COSEWIC 2003; Fisheries and Oceans Canada 2007) . Current threats to white sturgeon in Canada include habitat modification due to impoundment, development of riparian and (or) floodplain areas, decreased water quality, bycatch in salmonid fisheries, and poaching (COSEWIC 2003; Fisheries and Oceans Canada 2007) . The Upper Columbia and Nechako River populations are characterized by ongoing recruitment failure, which constitutes a major threat to their persistence (Hildebrand et al. 1999; Nechako White Sturgeon Recovery Initiative 2004) .
White sturgeon abundance in the Fraser River declined precipitously at the turn of the 20th century because of overharvest for flesh and caviar (Lane 1991; Echols 1995) . Bycatch in salmonid fisheries was likely another large source of mortality for Fraser River white sturgeon throughout much of the 20th century (Echols 1995) . Recent population estimates suggest the number of adult white sturgeon inhabiting the Fraser River is 11 000, with a majority (75%) of these found in the Lower Fraser River (Fisheries and Oceans Canada 2007) . Much research has focused on population assessment and recovery planning in the endangered Nechako and Upper Fraser River populations (e.g., Golder Associates, Ltd. 2006; Lheidli T'enneh First Nations 2009; Triton Environmental Consultants Ltd. 2010) . However, success of white sturgeon restoration efforts in the Fraser River depends upon the correct delineation populations. Smith et al. (2002) designated four populations in the Fraser River, based largely on an examination of population structure using data from the mitochondrial control region and four microsatellites. These are the Lower Fraser River (below Hells Gate), Middle Fraser River (Hells Gate to river kilometre (rkm) 553), Nechako River, and Upper Fraser River (from above the Nechako confluence to McBride). Hells Gate is a narrowing of the Fraser canyon at rkm 211 (COSEWIC 2003) that was further obstructed by a rockslide in 1913. These authors distinguished populations based primarily on the mtDNA control region data, as data from the four disomic microsatellites provided little resolution of population structure because of low levels of polymorphism (Smith et al. 2002) . Currently the Lower Fraser River is managed as two separate units, SG-1 (rkm 0 to 153) and SG-2 (rkm 154 to 211) based on an earlier analysis of the Smith et al. (2002) data set and demographic data (Nelson et al. 1999; McKenzie 2000) . However, no study has examined population structure on the Fraser River using highly polymorphic polysomic microsatellite markers recently developed for white sturgeon (Börk et al. 2008) .
The use of a microsatellite data set allows for the inference of population structure without relying on sample location information to a priori parse samples for analysis. Traditional analyses used to infer population structure, such as F ST or analysis of molecular variation (AMOVA), are sensitive to the manner in which samples are defined for analysis. Collections of samples often are defined for analysis by the geographic region in which they were collected. This approach can be problematic in long-lived species with high dispersal capabilities such as sturgeon, where individuals from multiple populations may inhabit the same geographic region during nonreproductive times (Dugo et al. 2004; Bott et al. 2009; Israel et al. 2009 ). Spurious signals of population structure might be generated if samples from multiple spawning populations are contained in a single collection for analysis. Genetic clustering programs such as STRUCTURE (Pritchard et al. 2000) allow for the inference of population structure from genetic data alone, reducing the risk of erroneously identifying population mixtures as distinct populations.
Here, we use 13 polysomic microsatellite loci to examine fine-scale population structure in the Fraser River system. We reveal strong levels of genetic divergence above and below Hells Gate. A hierarchical examination of population structure below and above Hells Gate suggests that only three distinct populations inhabit the Fraser River system, which has implications for management and recovery efforts.
Materials and methods

DNA extraction and genotyping
Fin clips were collected from subadult and adult white sturgeon sampled throughout the Fraser River system ( Fig. 1 ; Table 1 ). DNA was extracted from tissue using the Qiagen PureGene DNA extraction kit and quantified on a FLA 5100 fluorimager (Fujifilm). Polymerase chain reaction (PCR) was performed in Life Technologies (LT) GeneAmp 9700 thermal cyclers using fluorescently labeled primers for 13 microsatellite loci: AciG 2, AciG 35, AciG 52, AciG 53, AciG 110, AciG 140, As 015, Atr 105, Atr 107, Atr 109, Atr 117, Atr 1101, Atr 1173 Zhu et al. 2005; Börk et al. 2008) . PCR conditions and thermal profiles for amplification of these loci have been published previously (Drauch Schreier et al. 2012) . All samples were genotyped on an ABI 3730 Genetic Analyzer (LT). A total of 1.0 L of diluted PCR product was added to 8.85 L of highly deionized formamide (The Gel Company) and 0.15 L of Rox 400 HD size standard (LT). GeneMapper v4.0 software (LT) was used for allele scoring.
Belonging to sturgeon ploidy group B, white sturgeon are ancient octoploids, possessing ϳ250 chromosomes (Birstein et al. 1993; van Eenennaam et al. 1998; Drauch Schreier et al. 2011) . The highly duplicated nature of the white sturgeon nuclear genome precluded the scoring of allele dosages. Therefore, we treated each microsatellite allele as a present or absent dominant locus, which created a binary allelic phenotype of ones and zeros for each individual Drauch Schreier et al. 2011; Pfeiffer et al. 2011 ).
Data analysis
Genetic diversity
Previous work with large genotype data sets has shown that in heavily sampled populations of long-lived organisms such as sturgeon, multiple tissue samples may be collected from the same individual over time (A. Drauch Schreier, unpublished data) . Therefore, we used the program GenoType (Meirmans and van Tienderen 2004) to look for duplicate samples in the Fraser River white sturgeon data set. The rate of allelic dropout at the 13 microsatellite loci was estimated by regenotyping (in triplicate) 95 samples of multiple ages and tissue types collected from several locations across the species' range on the ABI 3730xl (LT). This is similar to the "multiple tube approach" recommended by Taberlet and Luikart (1999) to quantify allelic dropout in genotyping noninvasively collected DNA samples. The replicate genotyping we conducted revealed an allelic dropout rate of 1.2%, and therefore up to two mismatches were allowed in identifying duplicate samples (204 total alleles ϫ 1.2%). We used GenAlEx version 6.3 (Peakall and Smouse 2006) to calculate the total number of alleles and number of private alleles, or alleles unique to a particular region, in each collection as defined by geographic sampling location. As unequal sample sizes may bias estimates of genetic diversity, we also calculated Shannon's diversity index (H=) in the program FAMD (Schlüter and Harris 2006) to examine genetic diversity levels in each collection. Monomorphic loci were removed, and the calculation was conducted with log base 10 and band presences divided by N.
Population structure analysis
We wished to compare patterns of population structure revealed when samples were parsed by geographic criteria or by genetic criteria in a genetic clustering algorithm. We conducted an analysis of molecular variation (AMOVA) in GenAlEx version 6.3 to examine the proportion of genetic diversity partitioned among collections defined by geographic criteria (Table 1) . Random permutations were conducted (9999) to assess the significance of Phi-PT (Peakall et al. 1995) , an analogue of F ST more appropriate for dominant data that can provide a measure of pairwise genetic divergence. A sequential Bonferroni correction (Rice 1989 ) was conducted to account for multiple pairwise comparisons using Fig. 1 . Map of Fraser River system and regions from which white sturgeon samples were collected. SG-1, Lower Fraser management unit located rkm 0 -153; SG-2, Lower Fraser management unit located rkm 154 -211; SG-3, Middle Fraser River management unit; UFR, Upper Fraser River; NKO, Nechako River; SL, Stuart Lake; FL, Fraser Lake. ␣ ϭ 0.05. Principle coordinates analysis (PCO) also was conducted in the program GenAlEx version 6.3 to visualize genetic relationships among sampling locations. A PCO is an ordination method that utilizes a distance matrix (in this case a genetic distance matrix) to illustrate similarities between cases.
We used the genetic clustering program STRUCTURE version 2.3.3 (Pritchard et al. 2000) to explore the number of possible populations (K) existing within the Fraser River system. Initial exploratory analyses of the full data set used a relatively short burn-in (50 000) and a small number of iterations (100 000) to test the likelihood of K ϭ 1 to K ϭ 20. We conducted longer analyses (burn-in 500 000; 1 000 000 iterations) for the most likely K values revealed by the exploratory analyses (Pritchard et al. 2010) . For the full Fraser River data set, we examined K ϭ 1 to K ϭ 10, and for analyses of substructure both above and below Hells Gate, we examined K ϭ 1 to K ϭ 4. The admixture model was used and correlated allele frequencies were assumed for each STRUCTURE analysis. Six replicates were conducted for each K. The LOCPRIOR model (Hubisz et al. 2009 ) was employed when sampling location information was found to be informative by the program to improve the STRUCTURE's ability to identify the true K in the presence of weak genetic differentiation. This approach allows geographic information to be incorporated into the analysis only if it is found to be correlated to genetic clustering results (Hubisz et al. 2009 ).
We first examined the mean likelihood value (Ln Pr(X|K)) for each possible number of populations in the program STRUCTURE HARVESTER (Earl and vonHoldt 2011) . We selected the value of K with the highest likelihood as the best estimate of the number of populations in the Fraser River. As this method has a tendency to overestimate K when analyzing dominant data (Pritchard et al. 2010) , we also examined the STRUCTURE output using the metric of ⌬K (Evanno et al. 2005) in STRUCTURE HARVESTER. Individual Q values were examined to inform selection of the most likely K when multiple K values seemed equally likely from examination of the likelihood function and ⌬K. In this analysis, a Q value referred to an individual's proportional ancestry in each genetic cluster. The program CLUMPP (Jakobsson and Rosenberg 2007 ) was used to compile individual assignments across all six replicates for the most likely K. Individual Q values were plotted for visualization in DISTRUCT 1.1 (Rosenberg 2004) . The partitioning of genetic diversity was then re-examined in GenAlEx version 6.3 and FAMD as described above using population delineations based on genetic clustering results. A Bonferroni correction was conducted to account for multiple pairwise comparisons in the pairwise Phi-PT analysis.
We conducted additional STRUCTURE analyses to evaluate the possibility of cryptic population substructure above and below Hells Gate. We used exploratory analyses to test the likelihood of K ϭ 1 to K ϭ 4 and K ϭ 1 to K ϭ 3, respectively. Full STRUCTURE analyses were then conducted for the most likely K values (K ϭ 1 to K ϭ 4) in the manner described above for analysis of the full data set. The program NTSys-PC 2.2 (Rohlf 2009 ) was used to calculate a Jaccard similarity matrix from samples collected above Hells Gate and to conduct a PCO to visualize those data.
Results
Genetic diversity
No duplicate samples were identified in the Fraser River data set. Across 13 microsatellite loci, a total of 204 alleles was detected in the Fraser River. The greatest numbers of alleles and private alleles were found in regions below Hells Gate (Table 1 ). The lowest level of genetic diversity was detected in Fraser Lake, which was also the region with the smallest sample size (Table 1) . Shannon's index was highest below Hells Gate (in SG-1 and SG-2) and lowest in the Middle Fraser (SG-3) ( Table 1) .
Population structure analysis
The global Phi-PT value when samples were parsed by geographic sampling location was 0.051 (P ϭ 0.0001), which indicated that 5% of genetic diversity was partitioned among regions while 95% was partitioned within regions. Pairwise Phi-PT analyses revealed significant genetic divergence among all regions with the exceptions of the Nechako River, Stuart Lake, and Fraser Lake as well as the comparison between Fraser Lake and the Upper Fraser River ( Table 2 ). The PCO revealed that 54.48% and 37.04% of variance was explained by the first two axes (Fig. 2 ). The PCO also illustrated a close relationship among the Nechako River, Stuart Lake, and Fraser Lake samples (Fig. 2) .
Geographic sampling labels were found to be informative in elucidating population structure in the Fraser River data set, and therefore the LOCPRIOR model was applied by STRUCTURE. Initial examinations of Ln Pr(X|K) ( Fig. 3) and ⌬K suggested that the most likely number of genetic clusters in the Fraser River system was three. However, Q values indicated that this was likely an overestimation of population structure. When two clusters were assumed (K ϭ 2), STRUCTURE clearly identified two distinct groups where all individuals inherited a high proportion of their genome from one lineage or the other (mean Q values ϭ 0.99 and 0.93, respectively). When three putative clusters were tested, individuals primarily showing ancestry in the cluster 1 lineage now were evenly divided between clusters 1 and 3 (blue and yellow lineages in Fig. 4b ). For example, when K ϭ 2 was assumed, individual X showed a high proportion of ancestry in cluster 1 with a membership coefficient of 0.95, but when K ϭ 3 was assumed, individual X's ancestry was evenly divided between clusters 1 and 3, each with a membership coefficient of ϳ0.50 (Fig. 4b) . No individual showed a high proportion of ancestry in the cluster 3 lineage.
When K ϭ 2 was assumed, the two genetic clusters detected in the Fraser River system corresponded to the Lower Fraser River below Hells Gate (SG-1 and SG-2) and the remaining Fraser River system located above Hells Gate (Fig. 4a ). The Fraser River above Hells Gate cluster included individuals sampled in the Middle Fraser (SG-3), Upper Fraser, and Nechako Rivers, as well as Stuart Lake and Fraser Lake. Some individuals from the Lower Fraser sampled just below Hells Gate (SG-2) showed a high proportion of ancestry in the Fraser River above Hells Gate, although no individuals sampled above Hells Gate showed ancestry in the Lower Fraser cluster (Fig. 4a ). Because of the ambiguity in K and previous work suggesting higher levels of substructure in the Fraser River (Smith et al. 2002) , we conducted additional STRUCTURE analyses to examine the possibility of popula-tion substructure in the reaches below and above Hells Gate, respectively. Individuals sampled in SG-2 that showed ancestry in the Fraser River above Hells Gate were added to that collection for substructure analyses. Geographic sampling labels were found to be informative, and the LOCPRIOR model was applied in STRUCTURE. No additional population structure was detected below Hells Gate. Both Ln Pr(X|K) and ⌬K suggested up to three populations (K ϭ 3) existed in the Fraser River above Hells Gate, although the likelihood for K ϭ 2 was similar ( Fig. 5 ). In both scenarios, individuals sampled in SG-2 that showed ancestry in the Fraser River above Hells Gate cluster appeared to originate specifically in SG-3, the Middle Fraser River (Figs. 6a, 6b ).
If it was assumed there were two clusters above Hells Gate (K ϭ 2), SG-3 was a genetically distinct population (mean Q ϭ 0.99), and the majority of individuals sampled in the Note: Phi-PT values are below the diagonal, and P values are above the diagonal. Significant values are indicated with an asterisk. SG-1, Lower Fraser management unit located rkm 0 -153; SG-2, Lower Fraser management unit located rkm 154 -211; SG-3, Middle Fraser River management unit; NKO, Nechako River; SL, Stuart Lake; FL, Fraser Lake; UFR, Upper Fraser River. Nechako River, Stuart Lake, and Fraser Lake showed ancestry in a second population (mean Q values ϭ 0.94, 0.98, 0.93, respectively; Fig. 6a ). Two individuals sampled in the Nechako River and two sampled in Fraser Lake showed greater ancestry in the SG-3 population (mean Q values ϭ 0.72, 0.79, respectively; Fig. 6a ), which may be indicative of migration or historical admixture. The Upper Fraser River consisted of a mixture of individuals with ancestry in the SG-3 and Nechako-Stuart Lake-Fraser Lake populations (mean Q values ϭ 0.86, 0.88, respectively). Several individuals in the Upper Fraser River had intermediate levels of ancestry in the SG-3 and Nechako-Stuart Lake-Fraser Lake populations, which suggested that some admixture may be occurring between these populations (Fig. 6a ).
When K ϭ 3 is assumed above Hells Gate, the SG-3 collection remained a genetically distinct population (mean Q ϭ 0.97), and most individuals from the Nechako River, Stuart Lake, and Fraser Lake still showed ancestry primarily in a second distinct population (mean Q values ϭ 0.91, 0.94, 0.74, respectively; Fig. 6b ). The Upper Fraser River still consisted of a mixture of individuals showing ancestry primarily in one of three different clusters. The third cluster (represented in green in Fig. 6b ) contained only 15 individuals, but Q values were high (mean Q ϭ 0.89; Fig. 6b ). One individual from the Nechako River showed ancestry in nearly equal proportions to the SG-3 and this third cluster, while an individual from the Upper Fraser River showed nearly equal ancestry to the SG-3 and Nechako-Stuart Lake-Fraser Lake population, suggesting the possibility of some admixture (Fig. 6b) . The PCO analysis showed distinction among all three genetic clusters, with the third cluster falling out as most divergent (Fig. 7) . The two putative admixed individuals sam-pled in the Nechako and Upper Fraser were located intermediately between the two populations to which they showed nearly equal proportions of ancestry (Fig. 7) .
A recalculation of genetic diversity metrics for the populations inferred from genetic clustering analysis (Lower Fraser, SG-3, Nechako-Stuart Lake-Fraser Lake, third Upper Fraser population) revealed high levels of genetic diversity and a very high number of private alleles in the Lower Fraser below Hells Gate (Table 3) . When Phi-PT was recalculated using the STRUCTURE groupings, the amount of genetic variance partitioned among populations increased to 9% (P ϭ 0.0001). Pairwise Phi-PT values showed similar relationships among populations as the Phi-PT analysis based on regional groupings (Table 4 ). Significant levels of genetic divergence were found among all populations identified by STRUCTURE (Bonferroni-adjusted ␣ ϭ 0.008; Table 4 ).
Discussion
Our analysis of genetic diversity and population structure in Fraser River white sturgeon revealed strong levels of genetic divergence above and below Hells Gate. Additional population substructure was revealed in the Fraser River above Hells Gate, although no substructure was identified in the Lower Fraser below Hells Gate when genetic clustering was used. These results differ from previous investigations of white sturgeon population structure and may have implications for management and recovery planning.
High levels of genetic divergence above and below Hells Gate on the Fraser River are supported by three types of analyses. First, the great disparity in genetic diversity between populations located above and below Hells Gate and the high Mean Ln probability of data K Fig. 6 . Bar histogram outputs from STRUCTURE depicting individual assignments in the Fraser River above Hells Gate. Individuals sampled in SG-2 but had ancestry in the Fraser River above Hells Gate were included in this analysis. Each bar represents one individual genome, each color represents a population identified by STRUCTURE, and the proportion of each color in each bar represents the proportional assignment of each individual to each population. (a) K ϭ 2, (b) K ϭ 3. SG-2, individuals sampled in Lower Fraser management unit located rkm 154 -211; SG-3, Middle Fraser River management unit; NKO, Nechako River; SL, Stuart Lake; FL, Fraser Lake; UFR, Upper Fraser River. number of private alleles (72) in the Lower Fraser River support genetic isolation between the two regions. Second, pairwise Phi-PT analysis of sampling locations revealed higher levels of genetic divergence in comparisons between SG-1 and the Fraser River above Hells Gate and between SG-2 and the Fraser River above Hells Gate than between SG-1 and SG-2. The low but significant level of genetic differentiation between SG-1 and SG-2 may be due to the presence of individuals originating from the Middle Fraser River in the SG-2 collection. Finally, when examining the entire Fraser River system, STRUCTURE identified two distinct genetic clusters corresponding to the regions below and above Hells Gate, with little evidence of admixture between them. Similar patterns of strong genetic differentiation among fish populations above and below Hells Gate have been observed in several salmonid species (coho salmon (Oncorhynchus kisutch), Small et al. 1998 ; Chinook salmon (Oncorhynchus tshawytscha), Teel et al. 2000 ; sockeye salmon (Oncorhynchus nerka), Withler et al. 2000) . Withler et al. (2000) found that the magnitude of genetic divergence in pairwise comparisons between sockeye salmon populations above and below Hells Gate was independent of the geographic distance between them, although isolation by distance was observed among populations located either above or below the barrier. Small et al. (1998) proposed that an ice dam remaining in the Fraser canyon after glacial recession may have extended genetic isolation between Lower and Upper Fraser fish populations even after postglacial recolonization of both regions, which may explain the high levels of genetic divergence between them. Another hypothesis for the magnitude of genetic divergence among fish populations inhabiting the Lower Fraser River and the Fraser River above Hells Gate is that there was a second unknown postglacial recolonization source for the Lower Fraser (McCusker et al. 2000; Teel et al. 2000; Withler et al. 2000) .
Low levels of genetic diversity in the Fraser River above Hells Gate relative to the Lower Fraser River and the high number of private alleles in the Lower Fraser also may be evidence of different recolonization routes for above and below the Fraser canyon. The Fraser River above Hells Gate was likely recolonized by the Columbia River via connections between Mid-and Upper Fraser glacial lakes and the Columbia River (McPhail and Lindsay 1986) . The Lower Fraser River was likely recolonized via migration of individuals along the continental shelf, from the Lower Columbia (Brown et al. 1992 ) and possibly one other source population. The second possible source population for recolonization of the Lower Fraser is unknown, although some authors have proposed a Beringian refugium (Teel et al. 2000) and other coastal refugia (Vancouver Island, Queen Charlotte Islands; McCusker et al. 2000) for Lower Fraser salmonid populations. Given that white sturgeon have been captured in marine waters along the Alaskan coast and long-distance marine dispersal has been documented for this species (Galbreath 1985; Welch et al. 2006; Ruiz-Campos et al. 2011 ), use of Beringian or other coastal refugia seems plausible. A preliminary investigation of mtDNA control region haplotype frequencies across the species' range has shown that the Lower Fraser River population possesses high haplotype diversity as well as a nucleotide diversity level an order of magnitude greater than that of any other white sturgeon population (B. Mahardja, unpublished data). High nucleotide diversity in a recently recolonized population suggests that it is composed of multiple haplotype lineages (Provan and Bennett 2008) , providing further support for the hypothesis that two recolonization sources contributed to the Lower Fraser River population.
Higher levels of genetic diversity in the Lower Fraser River relative to the Fraser River above Hells Gate may be due in part to net downstream gene flow over Hells Gate and (or) contemporary gene flow from other white sturgeon populations with access to marine habitat, such as those in the Lower Columbia River and the Sacramento-San Joaquin River system. Differences in genetic diversity levels above and below Hells Gate may also be exacerbated by small population size in the Fraser River above Hells Gate. The abundance estimate for Lower Fraser white sturgeon is an order of magnitude greater than that for the Fraser River above Hells Gate (McKenzie 2000; Yarmish and Toth 2002) . An accelerated rate of genetic drift in the smaller populations inhabiting the Fraser River above Hells Gate relative to the larger Lower Fraser River population may result in lower levels of genetic diversity in the former.
The occurrence of individuals sampled in the Lower Fraser River originating from above Hells Gate corroborates field data documenting the movement of white sturgeon over this barrier (McKenzie 2000; E. Stoddard, Ministry of Forests, Lands, and Natural Resource Operations, #200 -10428 153rd Street, Surrey, BC V5W 1K4, Canada, personal communica- Note: N indicates sample size for each cluster; LFR, Lower Fraser River (SG-1 and SG-2); SG-3, cluster containing Middle Fraser River and some Nechako River and Upper Fraser River samples; NKO-SL-FL, cluster containing Nechako River, Stuart Lake, and Fraser Lake, and some Upper Fraser River samples; and UFC3, third cluster detected above Hells Gate containing 15 individuals sampled in the Nechako River, Fraser Lake, and Upper Fraser River. Note: Phi-PT values are below the diagonal, and P values are above the diagonal. LFR, Lower Fraser River (SG-1 and SG-2); SG-3, cluster containing Middle Fraser River and some Nechako River and Upper Fraser River samples; NKO-SL-FL, cluster containing Nechako River, Stuart Lake, and Fraser Lake, and some Upper Fraser River samples; and UFC3, third cluster detected above Hells Gate containing 15 individuals sampled in the Nechako River, Fraser Lake, and Upper Fraser River. All values were significant. tion, 2012). Downstream movement of other species over Hells Gate has been observed (McPhail and Lindsay 1986) . Two scenarios can be proposed to explain the absence of individuals sampled above Hells Gate that exhibit ancestry from the Lower Fraser population. The first is that Hells Gate is a contemporary upstream barrier that is impassible by white sturgeon. An alternative explanation is that Hells Gate is passable by sturgeon, and individuals from the SG-3 population may move upstream and downstream over Hells Gate on feeding migrations (E. Stoddard, Ministry of Forests, Lands, and Natural Resource Operations, #200 -10428 153rd Street, Surrey, BC V5W 1K4, Canada, personal communication, 2012) . The few individuals sampled below Hells Gate exhibiting mixed ancestry, resulting from mating between Lower Fraser River individuals and migrants originating from above Hells Gate, further supports the second scenario. If Hells Gate is no longer a barrier to both upstream and downstream white sturgeon migration, the little evidence of admixture between the Lower Fraser and SG-3 populations may be due to fairly strong spawning site fidelity at the scale of river reach in the Fraser River. Regional spawning site fidelity, different recolonization sources, and historical isolation (e.g., proposed ice dam in the Fraser canyon; Small et al. 1998) all may have acted to create the signal of strong genetic divergence we observe above and below Hells Gate.
Our analysis of population substructure in the Fraser River below the Hells Gate barrier concurs with that of Smith et al. (2002) , who suggested that the Lower Fraser River below Hells Gate be considered a single biogeographic unit. Although low but significant levels of genetic divergence were revealed between the SG-1 and SG-2 samples with pairwise Phi-PT analysis, no population substructure was detected in the region when migrants from the SG-3 population, revealed by genetic clustering analysis, were removed from the SG-2 collection.
The analysis of population substructure in the Fraser River above Hells Gate suggests that within that genetic cluster there are at least two genetically distinct spawning populations: one corresponding to SG-3 (Middle Fraser River; Hells Gate to rkm 553) and another corresponding to the Nechako River system. No genetic differentiation was detected between the Nechako River and Stuart Lake or Fraser Lake, suggesting that individuals sampled in the Stuart River -Stuart Lake and Fraser Lake either (i) use the same spawning site as Nechako River white sturgeon and (or) (ii) use different spawning sites but a high level of gene flow occurs between them. Only a single spawning site has been characterized on the Nechako River thus far, at Vanderhoof, British Columbia (Triton Environmental Consultants Ltd. 2009 . A small conservation aquaculture program did operate in the Nechako River from 2005 to 2009 to mitigate for recruitment failure, but this program used wild captured broodstock from the Vanderhoof spawning location and is unlikely to have had any effects on patterns of population structure above Hells Gate.
The Upper Fraser River appears to be a mixing area for individuals originating from the SG-3 or Nechako River populations. The mixing of nonreproductive subadult and adult sturgeon from different spawning populations has been documented in many different species (Gulf sturgeon (Acipenser oxyrinchus desotoi), Dugo et al. 2004 ; lake sturgeon (Acipenser fulvescens), Bott et al. 2009 ; green sturgeon (Acipenser medirostris), Israel et al. 2009 ). Yarmish and Toth (2002) have suggested that the 80 km reach of the Middle Fraser River south of the Nechako-Fraser confluence consists of poor white sturgeon habitat (shallow, poorly defied thalweg, few eddies) and may present a dispersal barrier. These authors also suggested a 60 km region of the Lower Nechako River contained similarly unsuitable habitat that may prevent movement of Nechako River white sturgeon into the Fraser River. Efforts to capture sturgeon in these areas have been largely unsuccessful (McKenzie 2000; Yarmish and Toth 2002) , which suggests that sturgeon may not continually inhabit these regions. However, the presence of several individuals showing a high proportion of ancestry in SG-3 in the Nechako River and Fraser Lake and the detection of Nechako and SG-3 individuals in the Upper Fraser River suggests that some exchange of individuals is occurring or has occurred historically across these putative barriers. In addition, field data has also identified seasonal movements of white sturgeon through these suboptimal habitats (C. Williamson, Facility Development Manager, Nechako White Sturgeon Conservation Centre, 4051 -18th Avenue, Prince George, BC, V2N 1B3, Canada, personal communication, 2012) . This is further confirmed by recent radio-tracking studies that have revealed some movement of white sturgeon between SG-3 and the Upper Fraser River and the Nechako River (Golder Associates, Ltd. 2006; , 2009 ); future research is required to better characterize habitat use and spawning behavior in the Fraser River above Hells Gate.
It is uncertain whether two or three populations exist in the Fraser River above Hells Gate. STRUCTURE analyses revealed two scenarios with similar likelihoods, indicating that two or three populations in the Fraser River above Hells Gate are possible. The smallest cluster revealed in the K ϭ 3 STRUCTURE scenario may be a distinct spawning population or a family group. All but two individuals showing ancestry in this small cluster possessed allele 237 at locus Atr 117, an allele found in few other individuals in the Fraser River above Hells Gate, which supports the hypothesis that this small cluster is a family group. However, PCO of the similarity index matrix calculated for the individuals in the Fraser River above Hells Gate did not show the small cluster to be a tightly clustered group, which is what would be expected for closely related individuals. Additionally, the PCO remains unchanged if data from allele 237 is removed. The detection of individuals that were tagged in the Upper Fraser River in the Nechako River the following winter that exited the Nechako during the spawning season may be evidence of an Upper Fraser River spawning population (C. Williamson, Facility Development Manager, Nechako White Sturgeon Conservation Centre, 4051 -18th Avenue, Prince George, BC V2N 1B3, Canada, personal communication, 2012) . Future study of spawning behavior and spawning site selection in the Fraser River above Hells Gate will help us to better infer the number of populations inhabiting this region.
Our results illustrate the importance of examining population structure with a variety of methods, including those that analyze samples without regard to sampling location. Nelson et al. (1999) concluded that the Lower Fraser River contained two populations and that the Upper Fraser River was a distinct population based on deviations from Hardy Weinberg equilibrium in samples that were parsed by collection location. Similarly, Smith et al. (2002) upheld the designation of the Upper Fraser River as a distinct population with samples parsed by collection location alone. We also found low but significant levels of population structure between SG-1 and SG-2 on the Lower Fraser River and between the Upper Fraser River and all other regions when analysis was conducted using sampling location to parse samples. However, the inference of population structure using only genetic data revealed that the region designated SG-2 (rkm 154 -211) and the Upper Fraser River are actually mixing areas for two or more distinct populations. Population mixtures would result in deviations from Hardy Weinberg equilibrium, and spurious signals of population structure may be inferred without a further examination of the data with a method that uses only genetic data for inference. STRUCTURE (Pritchard et al. 2000) is only one genetic clustering program that infers population structure from genetic data. Other genetic clustering programs such as BAPS2 (Corander et al. 2004 ) and GeneClass2 (Piry et al. 2004) , as well as individual-based genetic distance measures such as similarity indices, will infer genetic relationships among individuals without regard to the location in which they were sampled.
Conservation implications
These genetic data support the delineation of three populations for conservation management in the Fraser River system: the Lower Fraser River below Hells Gate, SG-3 (Middle Fraser River), and the Nechako River. SG-1 and SG-2 do not appear to be genetically distinct populations, although SG-2 appears to contain individuals that have migrated downstream from the SG-3 population. Little sign of admixture between SG-3 and Lower Fraser River fish was detected with this data set. However, the likely detection of downstream migration over Hells Gate in another data set (Nelson et al. 1999) suggests that downstream movement may be common.
Although listed as an endangered population under the Species at Risk Act (Fisheries and Oceans Canada 2007) , the Upper Fraser River appears to be a mixing area for the listed Nechako River population and unlisted SG-3 population. It is possible that the small population detected by genetic clustering analysis represents an "Upper Fraser" spawning group, but additional field research is required to corroborate this conclusion. One spawning site has been identified on the Nechako River (Triton Environmental Consultants Ltd. 2009 , but to our knowledge spawning sites have not been characterized on the Middle or Upper Fraser River. The detection of many individuals showing ancestry in the Nechako River population in the Upper Fraser River suggests that the Upper Fraser may contain important habitat for the endangered Nechako population. Reports by the , 2009 ) identify the Grand Canyon area and confluence of the McGregor River in the Upper Fraser as holding areas, and these may represent important overwintering areas for Nechako River white sturgeon. Movement into the Upper Fraser River may also represent a feeding migration by the SG-3 and Nechako River populations following salmonid spawning runs, as salmonids likely represent an important component of the adult white sturgeon diet in this region (McKenzie 2000) . Although the Upper Fraser River may not contain a distinct population that warrants listing and protection, the importance of the Upper Fraser River habitat to the listed Nechako River population should be further evaluated.
Low levels of genetic diversity in the Fraser River above Hells Gate may be a reflection of the genetic diversity levels of the postglacial recolonization source or possibly genetic diversity loss due to genetic drift, particularly in the recruitmentlimited Nechako River population. Preservation of remaining genetic diversity should be a conservation goal for the Fraser River above Hells Gate, particularly for the recruitment-limited Nechako River population. Continuation of a conservation aquaculture program may represent an important tool for conservation of the Nechako River population to prevent further genetic diversity loss due to mortality while biologists work to restore habitat so that natural recruitment can resume (Anders 1998) .
